In many organisms, meiotic recombination occurs preferentially at a limited number of sites in the genome known as hotspots. In the fission yeast Schizosaccharomyces pombe, simple sequence motifs determine the location of at least some, and possibly most or all, hotspots.
INTRODUCTION
Meiosis is an essential process in the life cycle of sexually-reproducing organisms. It differs from mitosis in that two successive cell divisions follow a single round of chromosome replication, resulting in the production of four haploid products from a single diploid precursor cell. The production of haploid cells occurs at the first meiotic division, during which homologous chromosomes from each parent pair and segregate to opposite poles. Prior to segregation, homologous chromosomes exchange genetic information through recombination. In both Saccharomyces cerevisiae and Schizosaccharomyces pombe, and probably other organisms, recombination is initiated by the formation of double strand DNA breaks (DSBs) (CROMIE et al. 2007; GERTON et al. 2000; MAHADEVAIAH et al. 2001) . In many organisms, including humans, mice, and both the budding and fission yeasts, these DSBs occur preferentially at so-called hotspots (KAUPPI et al. 2004; NISHANT and RAO 2005; PETES 2001) . Although the distribution of DSBs can vary widely across the genome, the distribution of interhomolog crossovers, at least in S. pombe, is considerably more uniform due to the preferential selection of the sister chromatid for DSB repair at strong DSB hotspots (HYPPA and SMITH 2010) .
The factors determining the position of DSB hotspots have been the subject of research for many years, during which some common themes have emerged. Transcription factor binding, which may serve as a mechanism to open chromatin structure prior to initiation of DSBs, has been implicated in the activity of several hotspots in both the fission and budding yeasts. In S. cerevisiae, the HIS4 gene contains a hotspot whose activity requires binding of the Bas1, Bas2, and Rap1 transcription factors (WHITE et al. 1993) . Bas1 is also associated with elevated levels of DSBs at four other sites in the S. cerevisiae genome. However, this is not a simple relationship, as Bas1 binding also appears to represses DSB formation at nine other sites (MIECZKOWSKI et al. 2006) . Meiotic DSB hotspots occur primarily in promoter-containing intergenic regions (IGRs) (BAUDAT and NICOLAS 1997; GERTON et al. 2000) . This observation suggests that, similar to HIS4, other hotspots require the binding of transcription factors, since transcription factors are expected to bind primarily in gene promoters, although their binding outside these regions has not been thoroughly investigated. However, other than the Bas1 target sequence, no other simple sequence motifs producing recombination hotspots have been identified in S. cerevisiae.
DSBs in the fission yeast S. pombe also occur primarily in IGRs, particularly in large
IGRs (CROMIE et al. 2007 ). Many of these hotspots are sites of production of non-coding RNAs (WAHLS et al. 2008) , which is again consistent with the binding of transcription factors at those sites, though a causative relationship has not been established. One well-characterized hotspot in S. pombe, M26 (also referred to as CRE), requires a specific sequence, ATGACGT, and heterodimeric transcription factor, Atf1-Pcr1, for hotspot activity (KON et al. 1997; SCHUCHERT et al. 1991) . The M26 motif generates a hotspot at many, but not all, sites in the S. pombe genome. This indicates that local DNA sequence alone is not sufficient for generating hotspots (STEINER and SMITH 2005; PONTICELLI and SMITH 1992) , which has also been demonstrated in S.
cerevisiae; for example the insertion of hotspot DNA into different chromosomal contexts does not always create a new hotspot (HARING et al. 2003) .
In mammals, transcription factor binding may also be a factor in regulating the locations of recombination hotspots (ZHANG et al. 2004) , but this has not been demonstrated, and the importance of factors other than local sequence motifs, which may include epigenetic modifications, trans-acting factors and/or chromatin structure, is indicated by observations of sex-specific recombination rates (KONG et al. 2002) and changes in hotspot activity without changes to local sequence (NEUMAN and JEFFREYS 2006) . However, interest in the general importance of specific motifs has continued due to observations of local base substitutions associated with changes in hotspot activity (JEFFREYS et al. 1998; JEFFREYS and NEUMANN 2002; JEFFREYS and NEUMANN 2005) and the discovery of a specific 13 bp motif, CCNCCNTNNCCNC, which may be necessary for up to 40% of human recombination hotspots (MYERS et al. 2008 ). More recently it was shown that this motif is recognized by the PRDM9 methylase (BAUDAT et al. 2010; MYERS et al. 2010; PARVANOV et al. 2010) , which trimethylates lysine 4 of histone H3 (H3K4me3), providing an interesting link with recombination in yeast, since H3K4 trimethylation was also shown to mark the location of some hotspots in S. cerevisiae (BORDE et al. 2009 ).
In S. pombe, we identified a large number of unique sequences that create meiotic recombination hotspots (STEINER et al. 2009 ). Many of these sequences contained common motifs that could be grouped into five distinct families, including the previously identified CRE family of hotspots (FOX et al. 2000) . For two of the novel hotspots, the oligo-C and CCAAT motifs, we were able to identify potential transcription factors that may be required for their activity. In this report, we characterized the essential sequence of those hotspots and identify transcription factors required for their hotspot activity.
MATERIALS AND METHODS

Strains and genetic procedures:
All strains used in this study are listed in Table 1 . Strains were constructed by linear transformation of WS129, which contains a ura4 + -kanMX6 construct inserted in the ade6 gene (STEINER et al. 2009 ). Transforming DNA was generated by overlapextension PCR (VALLEJO et al. 1995) using wild-type (ade6 + ) genomic DNA as template and outside primers oWS202: 5'-ACGAACATCATTAAGCGCGAAGCG-3' and oWS203: 5'-ACGCATGAGTTGTGGAAGTCGAGA-3' and inside primers containing the desired mutations.
Transformation was performed using lithium acetate as previously described (STEINER et al. 2009 ). All transformants were verified by sequencing and Southern blot hybridization.
Homothallic crosses ( Figure 1 ) were performed by growing cells in NBL [0.67% yeast nitrogen base without amino acids (Difco)] supplemented with 100 µg/ml adenine and 50 µg/ml uracil at 32 o to saturation. One ml of each culture was washed once in one ml 0.85% NaCl, resuspended in 50 µl of 0.85% NaCl and plated onto sporulation agar (GUTZ et al. 1974) supplemented with 100 µg/ml adenine and 50 µg/ml uracil (SPA+AU). These plates were incubated for two days at 25 o to allow for mating and sporulation. For heterothallic crosses ( Figure 2 ) strains were grown in YEL (GUTZ et al. 1974) supplemented with adenine, uracil, leucine, lysine, and histidine (5S). rst2 mutants were grown in liquid EMM2 medium (NURSE 1975 ) with the same supplements, which produced a greater yield of viable spores compared to YEL. 0.5 ml of each strain in the cross was mixed together, washed with 0.85% NaCl, and sporulated on SPA+5S. Asci were digested overnight in 1 ml water containing 5 µl glusulase (Perkin-Elmer) followed by the addition of 450 µl of 95% ethanol for 15 minutes to kill remaining vegetative cells. The free spores were washed once in 1 ml of water and resuspended in 1 ml of water.
Each of the homothallic strains shown in Table 1 contain the plasmid pWS35, which carries a 613 bp fragment of the ade6 gene (STEINER et al. 2009 ). Thus, the chromosomal copy of ade6 can recombine with the plasmid to become ade6 + during meiosis. This chromosome x plasmid recombination has previously been shown to be an accurate measure of hotspot activity in comparison to chromosome x chromosome recombination (PONTICELLI and SMITH 1989; STEINER et al. 2009 ). The frequency of ade6 + recombinants for both homothallic and heterothallic crosses was determined by plating appropriate dilutions of spores onto YEA+5S
(total spores) and YEA+4SG (Ade + spores) as previously described (STEINER and SMITH 2005) .
YEA+4SG is the same as YEA+5S except it contains 100 µg/ml guanine in place of adenine, which inhibits growth of adenine auxotrophs.
Electrophoretic Mobility Shift Assays (EMSA): For gel shift assays involving the CCAAThotspot and related sequences (Fig. 3 ), probes were generated by PCR using primers oWS302:
5'-TTGGGCCGAATGATGGTAGAG-3' and oWS303: 5'-GCCAAGGCATCAGTGTTAATATG-3', Taq polymerase (New England Biolabs), and the appropriate genomic DNA template (Table1). The resulting 206 bp products were purified and end-labeled using T4-polynucleotide kinase and γ-32 P-ATP (SAMBROOK and RUSSELL 2001) .
Whole cell protein extracts were prepared from strains WS4 (wild-type) and WS284
(php2Δ::kan) as previously described (STEINER and SMITH 2005) . Binding reactions were performed in a final volume of 10 µl at room temperature for 20 minutes. Each reaction contained 0.2 ng of probe, 10 µg protein extract, 0.2 µg poly dI-dC (Sigma), 12% glycerol, 12 mM HEPES (pH7.9), 0.6mM EDTA, and 0.6mM DTT. All ingredients except the probe were mixed and allowed to pre-incubate for 5 min prior to addition of the probe. Binding reactions were electrophoresed in a 0.5x TBE (SAMBROOK and RUSSELL 2001) 5% polyacrylamide gel at 50 volts for 2 hours. Following electrophoresis, gels were transferred to Whatman 3MM paper, vacuum dried at 80 o for 45 minutes, and analyzed using a Personal Molecular Imager (BioRad).
Gel shift assays involving the oligo-C hotspot and related sequences were performed as described above with the following differences. Probes were labeled with T4 DNA polymerase and α-32 P-dCTP (SAMBROOK and RUSSELL 2001) . The purified DNA binding domain of the Rst2 protein (Rst2ZF) was utilized in place of whole cell protein extracts. This protein was over expressed in E. coli and purified as described (KUNITOMO et al. 2000) . Briefly, protein expression was induced in strain Rosetta 2(DE3)pLacI (Novagen) carrying the plasmid pETRst2ZF, which encodes the two zinc finger motifs of Rst2 along with a histidine tag. 100 ml of these cells were centrifuged and resuspended in 6 ml of His-bind buffer (0.5 M NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH7.9). Cells were snap frozen and thawed in an ice water bath twice, followed by intermittent sonication on ice to disrupt the cells. The His-tagged Rst2ZF protein was purified using His-bind resin as described by the manufacturer (Novagen). The purified protein was concentrated by ultrafiltration and resuspended in 50 mM KCl at a concentration of 1 mg/ml. 10 µl binding reactions were performed in 50 mM KCl containing 2 µg Rst2ZF, 1 µg poly dI-dC, and 1 ng probe for 20 min at room temperature. These reactions were electrophoresed at room temperature in 5% polyacrylamide gels containing 4 mM Tris, 190 mM glycine, pH 8.0 for 90 minutes at 4 mA constant current.
Bioinformatics:
We used the hotspot map reported by Hyppa et al. (HYPPA et al. 2008) , interpreting their data as indicating a hotspot where the hybridization ratio was elevated above background, based on the statistical method used by the authors, in either of their replicate experiments with rad50S mutant strains. By these criteria there were 440 hotspots. These hotspots included 4781 probes covering 1.31 mega bases, or approximately 10.4% of the 12.57
Mb of sequenced genome. This definition probably included some weaker hotspots not reported by Cromie et al. (2007) , since the DSB map in that report showed only 700 kb of hotspot DNA.
However, false positive results are unlikely to explain the discrepancy, because we defined DSB hotspots using the program ChIPOT1e (v1.0; with a p value cutoff of 0.001), which is designed to reduce noise by using sliding windows wide enough to cover several probes (BUCK et al.
2005).
We used an online version of MEME (BAILEY and ELKAN 1994) formotifdetection.
URL:
http://meme.nbcr.net/meme/cgi-bin/meme.cgi The oligo-C hotspot: The oligo-C hotspot (ade6-4099) was originally constructed based on a partially degenerate 11 bp motif, DACCCCGCACD, identified in a screen for recombination hotspots (STEINER et al. 2009 ). In order to determine whether this entire sequence is required for hotspot activity, we systematically mutagenized each nucleotide in and around the motif. Figure   1A shows that mutation of any nucleotide in the motif reduces recombination, however the central eight nucleotides (positions 6-13) are most critical for activity of this hotspot. Given that the S. pombe genome is 36% GC (EGEL 2004) and contains ~12.6 Mb of sequenced DNA, one
would predict approximately 25 occurrences of this GC-rich eight nucleotide sequence, based on random nucleotide association. However, it is found only 10 times, making it modestly underrepresented in the genome. This underrepresentation is similar to the seven bp M26 motif, which is also approximately 3-fold underrepresented (285 occurrences vs. 769 predicted). Three of the eight-nucleotide oligo-C motifs coincide with meiotic DSBs (HYPPA et al. 2008) . Thus, the oligo-C hotspot may not contribute significantly to the overall frequency of meiotic recombination in S. pombe. However, these numbers may be an underestimate since variations of this motif, which may function by a similar mechanism, also create hotspots (STEINER et al.
2009).
A search of the TransFac database suggested that the oligo-C motif is a target for the MIG1 transcription factor of S. cerevisiae, a Cys2His2 zinc-finger protein (BADIS et al. 2008 ).
The homologous proteins MIG1, MIG2, and MIG3 of S. cerevisiae are all reported to bind the same sequence, CCCCGCA (BADIS et al. 2008) , which matches perfectly the first seven nucleotides of the oligo-C hotspot. The four strongest orthologs of MIG1 in S. pombe are scr1, rsv1, hsr1, and rst2, so we tested deletions in each gene for their effect on the activity of the hotspot. Of the four, only deletion of rst2 had a significant effect, decreasing recombination approximately 15-fold. By comparison, the M26 hotspot showed only a modest, 1.6-fold reduction, suggesting that the effect on recombination is specific to the oligo-C hotspot (Fig 2A) .
The Rst2 protein is required for full expression of the ste11 and fbp1 genes involved in sexual development and gluconeogenesis, respectively (HIGUCHI et al. 2002; KUNITOMO et al. 2000) . As Ste11 is a crucial transcription factor responsible for regulating the expression of many genes involved in mating and meiosis, rst2 mutants show similar meiotic defects (KUNITOMO et al. 2000) . We were unable to detect any binding of the radiolabeled oligo-C probes by EMSA using whole cell extracts, so we used the purified N-terminal DNA binding domain of Rst2 described by Kunitomo et al. (KUNITOMO et al. 2000) . Using purified protein, we observed binding to the oligo-C motif (ade6-4099; Fig 3A) .
Because the ade6-M26 hotspot of S. pombe shows a strict correlation between binding of its associated transcription factor, Atf1-Pcr1, and hotspot activity (WAHLS and SMITH 1994), we tested if a similar correlation were also true of the oligo-C hotspot. Surprisingly, we observed only an imperfect correlation ( Fig. 1A and 3A) . Though an eight nucleotide sequence is required for hotspot activity (positions 6-13; Fig. 1A ), only five nucleotides (positions 6, 8, 9, 10, and 11) showed a significant decrease in binding relative to the unsubstituted ade6-4099 allele. In some cases, (positions 5, 13, and 14), nucleotide substitutions actually increased binding. Thus, we conclude that binding of Rst2, at least on naked DNA, is necessary but not sufficient for activity of the oligo-C hotspot. Kunitomo et al. (2000) observed binding of Rst2 to a sequence similar to the ade6-4099
hotspot, CCCCTCAT, which differs at positions 10 and 13 ( Fig. 1A and 3A) . We observed only weak binding with a GT substitution at position 10. However, the CT substitution at position 13, though inactive as a hotspot, bound strongly to Rst2ZF (Fig. 3A) , which could potentially offset the reduced binding observed with the single GT substitution at position 10 and explain this apparent discrepancy.
The CCAAT hotspot: The CCAAT hotspot was originally identified as a 7 bp motif, CCAATCA, that appeared multiple times among a pool of approximately 400 larger sequences containing hotspots. A single base insertion was used to construct this motif in the ade6 gene, creating a hotspot of recombination (STEINER et al. 2009 ). Although this result was consistent with a requirement for only the seven base motif indicated, systematic mutagenesis revealed that a larger degenerate sequence is actually required, at least at the position in ade6 tested here. Unlike the oligo-C motif, the CCAATCA motif is abundant in the S. pombe genome. Of the 1408 occurrences of the motif, 172 (12%) fall within hotspots ( Of course, our analysis of the CCAAT hotspot within ade6 indicated that nucleotides flanking the CCAATCA heptamer are also critical for activity of that hotspot ( Figure 1B ).
Inclusion of one or more of these flanking nucleotides significantly increases the association with genome-wide hotspots (Table 2 ). For example, the sequence YSVDCCAATCANND is found 83 times in the genome, 16 of which are associated with breaks. This corresponds to a frequency excess of 85% in hotspots compared to the genome as a whole, which is significantly greater than the seven base CCAATCA sequence alone, and closer to the enrichment observed for M26. Surprisingly, the five base CCAAT sequence alone, which is essential in most organisms for binding to the CBF (see below) is modestly underrepresented in hotspots ( Table   2) .
Binding of the CCAAT-binding factor (CBF) to the CCAAT hotspot: Given the sequence of
the CCAAT hotspot, we tested whether the well-characterized CBF was required for activity of this hotspot. The CBF in S. pombe is a heterotrimer composed of the Php2, Php3, and Php5 subunits (MCNABB et al. 1997) . As in S. cerevisiae, the CBF in S. pombe is required mainly for the synthesis of mitochondrial proteins. Thus, mutations in any of the genes encoding subunits of the CBF result in disruption of the CBF complex and the inability to grow on nonfermentable carbon sources (MERCIER et al. 2006; OLESEN et al. 1991) . Deletion of any of the three subunits of the CBF resulted in a >40-fold decrease in recombination of the CCAAT hotspot ( Figure 2B and STEINER et al. 2009 ). This same decrease in recombination was not observed for ade6-M26, suggesting the CBF is required specifically for the CCAAT hotspot.
Previous studies of CCAAT-binding factors from other organisms have shown that binding has an almost absolute requirement for the five nucleotide CCAAT sequence (MANTOVANI 1998; MANTOVANI 1999) , though binding was also significantly influenced by nucleotides adjacent to that motif (DORN et al. 1987; HATAMOCHI et al. 1988; KIM and SHEFFERY 1990) . Given the results of our recombination analysis, we tested whether the sequence required for high levels of recombination is also required for binding of the CBF. Further, little or no binding of the CBF was observed for the CT mutation at position 12.
Thus, the minimal sequence for binding of the S. pombe CBF in vitro appears to be YCAATC.
However, given that we did not test every nucleotide substitution within this sequence, additional degeneracies are possible. As expected, no binding of the CCAAT hotspot sequence was observed using protein extracts obtained from a php2 deletion strain (data not shown), indicating that the CBF is responsible for the observed mobility shifts.
Other genomic features associated with hot vs. non-hot CCAATCA motifs: We used the software MEME to investigate whether hotspot-associated occurrences of either the CCAATCA or M26 motifs shared common flanking sequences, but found no obvious patterns, suggesting that any influence of particular flanking nucleotides is context-dependent. This has previously been shown for M26 (STEINER and SMITH 2005) , and it is likely also true for CCAATCA since the most active form of that motif found in ade6, CBYCVDCCAATCAWTD ( Figure 1B) , is not even found in the S. pombe genome.
We also looked for additional features that might correlate with active vs. inactive occurrences of the hotspot-associated motifs CCAATCA, YSVDCCAATCA, YSVDCCAATCANND and M26 (ATGACGT). All of these motifs are much more likely to be associated with hotspots in non-coding regions (NCRs) than in coding sequence (CDS) DNA.
Although there is a significant bias for hotspots to occur in NCRs (66% of total hotspots), this bias is even greater for hotspot-associated motifs and does not reflect the general distribution of those motifs in the genome (Table 3) . We found that NCRs containing a hotspot and at least one motif are on average about three-fold larger than NCRs with hotspots and no motif. However, this trend towards motifs being present in larger NCRs was even greater when the analysis was applied to non-hot regions only, so it is not indicative of motif activity. Given that hotspot activity is often concentrated in promoter regions, we also asked whether motifs within hotspots were closer to transcriptional start sites (TSS) than non-hot motifs, but we found distance between motif and TSS to be larger on average in hot than in non-hot regions for all motifs except YSVDCCAATCA, and the difference in this case was marginal (<3%).
Another feature previously found to correlate with recombination hotspots in both S.
cerevisiae and humans is poly-purine tract (PPT) density (BAGSHAW et al. 2006; KONG et al. 2002) , and we found this also to be true in S. pombe. (OHNO et al. 2002) , we speculate that this correlation could reflect an activity of PPTs to render chromosome structure permissive to the binding of hotspot-activating proteins. However, any effect they may have must operate over some distance, since there is no PPT within 100 bp of a hotspot-associated YSVDCCAATCA motif.
DISCUSSION
Here we have characterized two new sequence motifs that act as meiotic recombination hotspots. Like the previously characterized M26 (CRE) hotspot, both the oligo-C and CCAAT hotspots show an obvious nucleotide sequence requirement. The oligo-C hotspot requires an eight nucleotide sequence with relatively well defined borders, though immediately adjacent nucleotides also affect hotspot activity (Fig. 1A) . In contrast, the CCAAT hotspot has considerably less well-defined borders. Though there is an obvious requirement for a continuous and specific seven nucleotide sequence, CCAATCA, substitutions at least six nucleotides distant from this motif show significant effects on recombination levels. These results indicate a large and degenerate sequence is required for hotspot activity, at least at this position within ade6.
We identified the transcription factors Rst2 and the CBF as essential trans acting factors required for activity of the oligo-C and CCAAT hotspots, respectively. In this respect both of these hotspots conform to the paradigm established by the M26 (CRE) hotspot, which also requires a transcription factor, Atf1-Pcr1, for activity. However the M26 hotspot shows a much stricter correlation between hotspot activity and the ability to bind Atf1-Pcr1 in vitro (STEINER and SMITH 2005; WAHLS and SMITH 1994) . In contrast, the sequence required for activity of both the oligo-C and CCAAT hotspots is more extensive than the sequence required for binding of their respective factors. Though hotspot activity is not observed in the absence of binding, binding (sometimes strong binding) is observed in the absence of hotspot activity. This result implies that each of these hotspots requires one or more additional factors for activity, at least at the locations tested here. These could be co-factors that interact directly with Rst2 or the CBF, or bind independently in adjacent intervals.
The oligo-C hotspot sequence identified here is found only 10 times in the sequenced portion of the S. pombe genome, only three of which are associated with DSB hotspots.
However, the seven base CCAATCA motif is abundant in the genome and is significantly enriched within meiotic DSBs. Notably, this enrichment increases when the flanking nucleotides required for hotspot activity within ade6 are included (Table 2 ). This implies that those flanking nucleotides also influence hotspot activity in other regions, though it is not clear if they are required in all contexts. Compared to M26, the CCAATCA motif is less strongly associated with DSB hotspots; however, because it is much more abundant than M26, both motifs may be responsible for comparable numbers of DSBs in the genome. These two motifs alone are likely to be responsible for 26-91 (6-21%) of the 440 DSB hotspots observed in the genome.
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